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ABSTRACT: Profiling the kinetics of cell−matrix adhesion is of great importance
to understand many physiological and pathological processes such as morpho-
genesis, tissue homeostasis, wound healing, and tumorigenesis. Here, we
developed a novel digital acoustofluidic device for parallel profiling cell−matrix
adhesion at single-cell level. By introduction of localized and uniform acoustic
streaming into an open chamber microfluidic device, the adherent cells within the
open chamber can be detached by the streaming-induced Stokes drag force. By
digital regulation of pulsed acoustic power from a low level to high levels, the
hundreds of adherent cells can be ruptured from the fibronectin-coated substrate
accordingly, and their adhesive forces (from several pN to several nN) and
kinetics can be determined by the applied power and cell incubation time. As a
proof-of-concept application for studying cancer metastasis, we applied this
technique to measure the adhesion strength and kinetics of human breast cancer
cells to extracellular matrix such as fibronectin and compared their metastatic potentials by measuring the rupture force of cancer
cells representing malignant (MCF-7 cells and MDA-MB-231 cells) and nonmalignant (MCF-10A cells) states. Our acoustofluidic
device is simple, easy to operate, and capable of measuring, in parallel, hundreds of individual cells’ adhesion forces with a resolution
at the pN level. Thus, we expect this device could be widely used for both fundamental cell biology research as well as development
of cancer diagnostics and tissue engineering technologies.

Investigation of cell−matrix adhesion is fundamentally
important for basic biomedical research and translational

medicine. Mammalian cells relay on their binding to tissue
extracellular matrix (ECM) to obtain structural support.1,2

Moreover, the cell−matrix interaction also plays a crucial role
in regulating key cellular functions, including cell migration,
differentiation, proliferation, and gene expression.3−5 Thus,
cell−matrix adhesion not only impacts tissue development and
orogenesis but also pathological processes such as inflamma-
tion,6 tumor growth,7,8 and cancer metastasis.9 Among these
processes, cancer metastasis remains the greatest challenge in
the clinical management of cancer, accounting for the majority
of cancer-related mortality.10 During cancer metastasis,
circulating tumor cells (CTCs) released from primary tumors
intravasate the vasculature of normal tissue, which allows
CTCs to establish themselves at distant locations and form
metastases.11−13 Adhesion of CTCs to the endothelium ECM
is a key step for tumor metastasis colonization. Moreover, it
has been known for over a decade that the number of CTCs far
exceeds the number of overt metastatic lesions that
develop.14−17 Adequate models and methods have impeded
investigation of the molecular and cellular events during
metastatic colonization. Therefore, exploring the adhesive
interactions between CTCs and the ECM may potentially lead

to the development of novel diagnostics as well as novel targets
to treat or prevent metastasis.
To date, many efforts have been made to profile cell−matrix

adhesion force by using conventional methods. One of the
most commonly used techniques for the quantitative measure-
ment of cell−matrix adhesion is atomic force microscopy
(AFM).18 Typically, one can immobilize a single living cell at
the cantilever tip of AFM and use it as a measuring probe to
measure the force and kinetics of cell detachment by setting
this single cell in contact with the matrix surfaces for a defined
time. Moreover, micropipette aspiration has been widely used
to directly quantify cell−substrate adhesion force by applying a
constant-rate aspiration pressure to rupture a single adhered
cell from the matrix.19 Surface plasmon resonance (SPR)
technology is particularly suitable for real-time and label-free
investigation of cell−substrate interactions by measuring the
local refractive index distribution.20,21 These methods are very
sensitive and capable of providing real-time and high spatial
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resolution information on cell−substrate interaction at the
single-cell level, but are limited in parallel by measuring a large
number of cells. The high-throughput methods including fluid-
flow devices,22 shear-spinning disks,23 and centrifugation24 use
shear force induced by hydrodynamic flow or centrifugation to
detach adherent cells from the substrate by adjusting the
applied forces. Despite these methods that enable measure-
ments of large cell populations, they may not access the
accurate measurement of rupture forces because of the lack of
real-time imaging and precise force control with bulk setups
and normally require a relatively large number of cells (e.g.,
tens of thousands to several millions). Current conventional
cell−matrix adhesion measurements are still not suitable for
the measurement of CTCs because they cannot simultaneously
provide a high-precision measurement for a relatively low
number of CTCs (several tens to several hundreds) within a
short time period (e.g., several tens of minutes to an hour).
Recent development of microfluidics seems to have a

promising potential for parallel profiling cell−matrix adhesion
force at the single-cell level.25 By tuning hydrodynamic flows in
a microchannel, the cultured cells within the closed chamber
can be detached by the hydrodynamic shear force under
different conditions, and the cell detachment process can be
captured simultaneously using a time-lapse microscope.26−31 A
current hydrodynamic-flow-based microfluidic method offers
multiple advantages over previous conventional approaches
such as high-throughput performance, a wide range of
detachment force, low sample consumption, and compatibility
with a real-time imaging system and other modules.27

However, this hydrodynamic-flow-based microfluidic method
is not ready for wide applications in basic biomedical research
such as CTC−matrix adhesion studies for a few reasons. First
of all, this hydrodynamic-flow-based microfluidic method
cannot provide an accurate measurement of cell detachment
because it is hard to timely adjust the flow rate in the
microfluidic channel, and it may need several tens of seconds
to stably increase from a low flow rate to a high one.32,33 A
continuous varying flow can induce a varying shear force so
that one cannot precisely access the force for the detachment
of single cells from a substrate. Second, the continuous (or
slowly varying) hydrodynamic flow in the microfluidic channel
provides not only a shear force for adherent cells but also a
continuous (or changing) compress stress force for these cells,
which limits the maximal shear force produced by this
technique for cell detachment measurement.34 The maximal
shear force produced by this method has been reported as high
as 1 nN.25 Thus, for exploration of the cell−matrix interaction,
there are still unmet needs for improving hydrodynamic-flow-
based microfluidics.
Acoustofluidics35−38 may be an alternative solution for

addressing the challenges in measuring CTC−matrix inter-
action. By introduction of bulk acoustic waves or surface
acoustic waves into a microfluidic channel/chamber, the
acoustofluidic technique normally uses acoustic radiation
force and Stokes drag force induced by acoustic streaming to
manipulate biological particles or fluids.35−40 Because of the
unique nature of acoustic waves, the acoustofluidic technique
can achieve various biomanipulations in a label-free, contact-
less, and highly biocompatible manner. The acoustic radiation
force has been used to pattern, transport, separate, and sort
cells and particles41−45 for broad application in tissue
engineering, regenerative medicine, drug screening, and disease
detection and treatment. Recently, acoustic radiation force has

also been used to profile cell adhesion strength. By generation
of a vertical standing acoustic wave within a resonate chamber
made by solid materials, the bulk acoustofluidic device uses the
acoustic radiation force to parallelly rupture and levitate
hundreds of individual adherent T cells from a fibronectin-
coated substrate with a maximal force up to 1 nN.46 This
technique provides a superior measurement of cell−matrix
interaction to the above conventional and hydrodynamic-flow-
based microfluidic methods. However, the resonate chamber
made by solid materials such as glass limits the oxygen and
nutrients perfusion and does not mimic well a physiologically
relevant environment for cell culture. The acoustic-streaming-
based cell detachment may be a good candidate for exploring
CTC−matrix adhesion. In general, acoustic streaming induces
viscous attenuation to liquids and is very useful for robust
manipulation in a low Reynolds number microfluidic
setting.47,48 Acoustic streaming has been widely utilized for
various applications including pumping of liquids, mixing of
liquids and particles, enrichment of particles and cells, sorting
particles and cells, rotating cells and worms, and moving cells
and droplets.49−57 A droplet-based surface acoustic wave
system has been developed to detach biological cells from a
surface and sort cell types on the basis of different adhesive
forces to the substrate.58 However, there are still unmet needs
for developing a simple and versatile method that can parallelly
measure the cell adhesive force with a wide spectrum.
Recently, we developed a series of digital acoustofluidic

devices59−61 that mainly use digitally regulated acoustic
streaming for generation, transportation, and fusion of droplets
as well as pumping and mixing of liquids. For example, our
digital acoustofluidic pump can precisely tune flow rate from 0
to 41.5 nL/min within a response time of less than 1 s,
showing a great potential for addressing the slowly varying flow
rate issue in hydrodynamic-flow-based microfluidics.59 Herein,
we developed a novel digital acoustofluidic device for massively
parallel profiling the strength and kinetics of cell−matrix
adhesion at the single-cell level. Taking advantage of digitalized
acoustic streaming generated with our digital acoustofluidic
device, we can detach the hundreds of adherent cells cultured
in an open chamber using precisely controlled forces with a
force switching time of less than 100 ms and a force spectrum
up to 10 nN. As a proof-of-concept application, we
demonstrated how this digital acoustofluidic device can be
used to profile the adherence strength and metastasis potential
of different types of malignant and nonmalignant human breast
cells.

■ EXPERIMENTAL SECTION
Cell Culture. Breast cancer cells (MCF-7, MDA-MB-231,

and MCF-10A) were purchased from American Type Cell
Culture (ATCC, Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (Corning, NY, USA)
supplemented with 10% fetal bovine serum (Sigma-Aldrich, St.
Louis, MO, USA), 100 U/mL penicillin, and 100 μg/mL
streptomycin (Invitrogen, Millersburg, PA, USA) in a
humidified incubator at 5% CO2 and 37 °C.

Device Design and Fabrication. The device was
designed and fabricated using the protocol that we developed
previously.62−66 The focused interdigital transducer (IDTs)
was fabricated using a standard soft-lithography and lift-off
technique. The focused IDTs were designed as 8 pairs of finger
electrodes with the same finger width and gap (λ/4 = 25 μm)
and a 57° focusing angle, and made by depositing two metal
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layers (Cr/Au with a thickness of 100 nm/500 nm) on a 128°
YX-propagation lithium niobate substrate (with a thickness of
500 μm, double-side polished). Then the final device was made
by fabricating a circular-shaped SU8 photoresist pattern (with
a diameter of 4 mm, a wall thickness of 100 μm, and a
thickness of 200 μm) on the same substrate using standard soft
lithography.
Live/Dead Staining. Live/dead staining was conducted

using the Live/Dead Kit (Invitrogen) following the manu-
facturer’s instructions. The cells were stained in a medium
supplemented with 2 μM carboxyfluorescein succinimidyl ester
and 4 μM ethidium homodimer for 4 h. And the cells were
cultured in the device for 30 min and the adhesion strength
was measured (from 6 to 51 peak-to-peak voltage (Vpp), 3
Vpp interval). The staining results were visualized by an
inverted fluorescence microscope (IX81, Olympus). Final cell
viability was analyzed using ImageJ to account for area of live/
dead cells.

■ RESULTS
Device Design and Working Principle. We developed a

novel digital acoustofluidic device for massive parallel profiling
cell−matrix adhesion at the single-cell level. The acoustofluidic
device consists of a focused IDT and a circular-shaped open
chamber fabricated atop a transparent lithium niobate
(LiNbO3) substrate (Figure 1a,b). Once the focused IDT

was activated at a resonance frequency of 37.4 MHz, a
localized acoustic field was produced in the liquid domain
above the IDT. Subsequently, highly localized acoustic
streaming was also induced via the interface of the piezoelectric
substrate and liquids. The Stokes drag force generated by the
acoustic streaming ruptured the cell−matrix junction and
detached cells from the fibronectin-functionalized substrate
(Figure 1c). The localized streaming can offer uniform
distributed streaming fields so that it can provide uniform
shear force for all the cells within this area. By generation of
digitalized streaming via a programmable radio frequency (RF)
signal, Stokes drag force with precise control of the force level

and duration can be produced and applied to the adherent cells
within the area of interest to detach the cell from the substrate.
Taking advantage of time-lapse imaging, the cell adhesive force
to the substrate can be measured by recording and analyzing
cell detachment and Stokes drag force induced by digitalized
streaming. As a result, detailed force maps of cell−matrix
interactions were measured during the process of acousto-
fluidic detachment. Because of the unique design of our digital
acoustofluidic device, this technique can provide several
advantages. Our device can generate uniform and localized
acoustic streaming by introducing a focused IDT within an
open microfluidic chamber. This design can reduce the
acoustic energy loss and acoustic interference with the
microfluidic channel well. By integration with a programmable
RF signal, this device can generate a wide range of streaming
speeds up to 10 mm/s and a short dynamic response time of
less than 100 ms. Thus, our device can provide a measure of
cell−matrix adhesion with a force range up to several nN and a
force switching time less than 100 ms, which is better than
previous acoustic radiation force-based or hydrodynamic-flow-
based microfluidic methods. By use of an open microfluidic
chamber, our device is compatible with conventional cell
culture.

Acoustic Streaming. To profile the cell−matrix inter-
action, it is important to understand the mechanism by which
focused IDTs detach cells from the substrate. In our
experimental system, we used a simple device consisting of a
focused IDT and a SU8 ring to investigate the mechanism of
cell detachment. A set of traveling surface acoustic waves
(SAWs) as a Rayleigh wave was produced after applying an RF
signal to the focused IDT. The exponential decay of the
amplitude with the depth of the substrate allowed the wave to
confine most of its energy to the surface. Once the wave
interfered with the liquid within the open chamber, localized
streaming was created in the liquid. A numerical model was
used to predict the three-dimensional pattern of acoustic
streaming (Supporting Information). This model considered
the effects of the transverse and longitudinal vibrations on the
liquid and the interface between the substrate and the liquid
layer in the chamber. Both the transverse and longitudinal
vibrations attenuate in a thin boundary layer close to the
substrate, resulting in a specific streaming pattern in the fluidic
layer. Our numerical results described the streaming vortex and
the distribution in three dimensions. The schematic and
simulation of the acoustic streaming were described in Figure
2a,b. The arrows show the acoustic streaming direction, with
streaming velocity indicated by background colors red
(maximum) and blue (minimum). Along the vertical direction,
the acoustic streaming flowed down the edge of the focused
IDT, rotated counterclockwise, rose from the substrate, and
then formed two streaming vortexes. Along the horizontal
direction, two symmetric fluids jetted along the symmetric axis
of the IDT from the edge of electrodes, interacted with the side
boundary, recirculated back along the electrodes of the IDT,
and then completed a second round of the streaming pattern.
With the guidance of our numerical prediction, we

performed an experiment to investigate SAW-induced acoustic
streaming within the fluidic chamber. We started the
experiment by introducing 2 μm fluorescent polystyrene
particles to the device. The particles were first uniformly
located on the surface of the substrate. Once the SAW was
applied, the particles were flowing to form two symmetric
streaming vortexes along the symmetric axis of the IDT in the

Figure 1. Digital acoustofluidic device for cell−matrix adhesion
measurement. (a, b) Schematics (side view) and micrograph of our
digital acoustofluidic device. The device consists of a focused IDT and
an open microfluidic chamber fabricated on a transparent lithium
niobate (LiNbO3) substrate. The pattern and direction of digitalized
acoustic streaming are indicated by counterclockwise vortexes and
arrows, respectively. (c) Illustration shows the detachment process of
an adherent cell by digitalized acoustic streaming.
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x−y plane (Movie S1). A time series of frames captured from
the movie were superimposed to show the streaming pattern
(Figure 2c, side view). Along the vertical axis, a triprism was
used to help visualize the movement of particles. The
microscope was focused on the symmetric axis of the focused
IDT. Once the SAW was applied, the particles rose up from
the substrate, rotated counterclockwise, flowed down to the
focused IDT, and formed a vortex (Movie S2). A time series of

frames captured from the movie were superimposed to show
the streaming pattern (Figure 2c, top view).

Force Analysis. To calculate the rupture force of the cell−
matrix junction by acoustic streaming, we must quantify the
streaming speeds of different RF signal voltage inputs. First, an
area with uniformly distributed streaming must be determined.
Numerical results showed a scalloped area close to the focused
IDT, with an almost identically colored streaming pattern
(Figure 3a, light green). We validated our numerical prediction

Figure 2. Acoustic streaming pattern. (a) Schematics show the top view and side view of the streaming pattern in an acoustofluidic device. The
streaming flows down to the edge of the focused IDT along the y−z plane, rotate counterclockwise back to the focused IDT, and form a streaming
vortex. Two symmetric fluids jet along the symmetric axis of the IDT on the x−y plane from the center of the electrode, interact with the side
boundary, recirculate back to the sides of the IDT, and finally complete a two-vortex streaming pattern. (b) Simulation results show the side view
and top view of the acoustic streaming pattern. The arrows indicate the streaming direction whereas the background colored with blue and red
maps the streaming speed. (c) Experimental results show the acoustic streaming pattern by tracking the trajectories of 2 μm polystyrene particles
(Movie S1-side view and Movie S2-top view). This region corresponds to the area of the simulation results. (Scale bar = 200 μm.)

Figure 3. Streaming analysis. (a) Simulation of acoustic streaming field in the area of interest (AOI). The arrows indicate the streaming direction
whereas the background colored with blue and red maps the streaming speed. The AOI is labeled with a white dashed line and uniform streaming
speed (light green colored background) is located inside this area. (b) Experimental results of streaming in the AOI (labeled with a white dashed
line). The colored lines map the trajectory of 2 μm polystyrene particles and the color indicates the streaming speed. Within the AOI, 2 μm
polystyrene particles have similar speeds (light green). (c) Experimental results describe the dependence of the acoustic streaming speed on the
input amplitude. The blue curve shows the quadratic fitted curve. (d) Dependence of Stokes drag force (calculated from the experimental acoustic
streaming speed results) on acoustic power. The inset shows the Stokes drag force at a low amplitude level. (Scale bar = 50 μm.)
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with the experiment using the aforementioned device.
Fluorescent polystyrene particles were used as markers to
trace streaming patterns. A sequence of images was captured
using a CMOS camera at time intervals of 10 ms (100 fps).
The streaming speed was then analyzed and calculated by the
Trackmate plugin of ImageJ software. Trajectories of particles
with the color of trajectories showing the streaming speed
distribution (red, maximum; blue, minimum) can be seen in
Figure 3b. In the experimental results, evenly distributed
streaming (light green in color) appeared in the same area as
the numerical results predicted. As a result, an area of interest
(AOI; dashed white line, Figure 3a,b) was employed to profile
the cell−matrix interaction.
To further quantify the acoustic streaming, we investigated

the dependence of the streaming speed in AOI on the input
Vpp. We tracked particles in AOI under different signal
amplitude inputs for five repetitions and calculated the average
streaming speed and standard deviation (trajectories last for at
least 5 frames). The final streaming speed versus input
amplitude was plotted (Figure 3c), which showed that trapping
velocities increased gradually in a squared trend as the input
peak-to-peak voltage increased. Because the maximum frame
rate of the camera was 100 fps, when the streaming speed was
too high, beads could not be tracked. The streaming speed has
a squared relationship with amplitude input, and our
experimental results showed the squared trend. The curve
was fitted quadratically to account for streaming speed when
the amplitude was larger than 21 Vpp. Monitoring of the
streaming speed can be achieved by tuning the amplitude of
the input signal. To determine the adherence strength of cells
using our acoustofluidic detachment method, we calculated the
Stokes drag force on cells under different amplitude inputs (for
details, see Supporting Information, force calculation). The
calculated Stokes drag force on adherent cells versus amplitude
input is shown in Figure 3d.
Measurement of Cell−Matrix Adhesion. On the basis of

our numerical and experimental results of an acoustic
streaming field, we further detached the adherent MDA-MB-
231 cells from a fibronectin-functionalized substrate. The
chambers were coated with fibronectin to mimic the ECM
lining the endothelium of blood vessels.67 MDA-MB-231 cells
were loaded into the chamber and allowed to settle down on
the fibronectin-coated bottom surface. After a 1-h incubation, a
pulse surface acoustic wave (frequency = 37.4 MHz, power =
57 Vpp, duration = 1.5 s, about 16 nN) was applied to detach
adherent cells. After a 1-h culture, MDA-MB-231 cells first
adhered and then spread out on the fibronectin-coated surface
(Figure 4). When the SAW was applied to the device, a strong
localized streaming was generated in the fluid domain. Stokes
drag force induced by the flow gradually detached the cells in
the streaming field, and all adherent cells were detached within
1 s. The viability of MCF-7 cells was tested as (82.3 ± 5.4%)
before the acoustic detachment and as (79.8 ± 7.5%) after the
acoustic detachment (Figure S2).
We conclude that localized streaming is capable of detaching

fully adherent cells on the fibronectin-coated surface and has
good biocompatibility.
Kinetics of Cell−Matrix Adhesion. After successfully

measuring the cell adhesive force, we explored the kinetics of
cell−matrix adhesion of MCF-7 breast cancer cells using our
method. To quantify the kinetics of tumor cell adhesion to
fibronectin, we applied a 1.5-s acoustic pulse every 3 s and
gradually increased the amplitude of each pulse at the interval

of 3 Vpp starting from 6 Vpp to track the force map of all
tumor cells (Figure 5a). During the detachment process, we
continuously imaged the cells and quantified the number of
detached cells after each pulse. Using this approach, we
typically measured the detailed rupture force of several
hundreds of cells for one measurement. We cultured MCF-7
cells for 10, 20, and 30 min and then measured rupture forces
of these cells (Movie S4). The detachment process of MCF-7
cells (after a 30-min incubation) was shown in Figure 5a. The
cells were attached to the substrate at the beginning, and as we
gradually increased the pulse signal amplitude input, cells
gradually detached. After the amplitude reached 51 Vpp (about
12 nN), all cells were detached. The experiment was repeated
five times at each time point, and the resulting rupture force
distribution of MCF-7 cells under different culture times were
plotted (Figure 5b), showing a clear correlation of time in
culture with increased rupture force.

Characterization of Metastatic Potential. Although
adhesion of CTCs to endothelial ECM is a critical step in
the tumor metastasis process,8 it is hard to know the dynamic
adhesion force of CTCs during the metastatic process. We
measured the dynamic adhesion force of MCF-10A (Movie
S5), MCF-7 (Movie S6), and MDA-MB-231 (Movie S7) cells
to fibronectin using our acoustic streaming detachment device.
Using the aforementioned device and procedure, we cultured
the three breast cancer lines for 15 min, measured rupture
forces, and created rupture force maps. As shown in Figure 6,
MDA-MB-231 cells (highly aggressive breast cancer cell line)
adhered most strongly to the fibronectin-coated substrate,
demonstrating that this cell line has the greatest metastatic
potential. In comparison, the MCF-10A cell line (non-
tumorigenic breast epithelial cell line) has the least metastatic
potential, as these cells can be detached with the lowest
acoustic amplitude input on our system. Adhesion analysis
showed that MCF-7 cells, a poorly aggressive and noninvasive
cell line, normally considered to have low metastatic potential,
was between the MCF-10A and MDA-MB-231 cells (Figure
6).

■ CONCLUSIONS
In summary, we developed a novel digital acoustofluidic device
to determine the interaction between cells and ECM using

Figure 4. Cell detachment. Acoustofluidic detachment process of
adherent (MDA-MB-231) breast cancer cells (Movie S3). When the
digitalized streaming was applied, all the adherent cells detached from
the substrate with one pulse (frequency = 37.4 MHz; duration = 1.5 s;
amplitude = 57 Vpp). When the solid circle became dashed, the
labeled cells were detached at the corresponding time point. (Scale
bar = 200 μm.)
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localized acoustic streaming. The adherent cells were detached
from the coated substrate by Stokes drag force induced by the
strong uniform streaming. We believe that the novel acousto-
fluidic design used to profile the cell−matrix adhesion has great
potential in a wide spectrum of biomedical applications. By
tuning of the input amplitude, the acoustic streaming force can
be tuned from hundreds of pN to tens of nN. Moreover, we
showed that our acoustofluidic detachment technique can
characterize the adhesion dynamics and kinetics of cancer cells
to fibronectin. The observed differences in adhesion strength
across different types of breast cancer cells demonstrate the
broad application potential of our method. In conclusion, our
acoustofluidic device is low-cost and able to analyze hundreds
of cells in parallel, while maintaining high precision. Moreover,
the user-friendly feature of our digitally controlled device could
be used to develop cancer diagnostic tools and implantable
devices as well as to study fundamental biology.
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Figure 5. Kinetics of cell−matrix adhesion. (a) RF signal (frequency
= 37.4 MHz; duration = 1.5 s; period = 3 s) was programmed to have
an amplitude increase of 3 Vpp for each period (amplitude = 6, 9, 12,
15, ..., 51 Vpp), respectively (Movie S4). Time-elapsed images of the
cell detachment process under different rupturing forces after MCF-7
cells adhered to fibronectin-coated substrate for 30 min. When the
amplitude was up to 51 Vpp, all the adherent MCF-7 cells were
detached. (b) Detached cells distribution of the acoustic amplitude
(10-, 20-, and 30-min culture time). (Scale bar = 200 μm.)

Figure 6. Metastasis measurement. Distribution of the detachment of
different breast cancer cells (MCF-10A, Movie S5; MCF-7, Movie S6;
and MDA-MB-231, Movie S7) to acoustic input amplitude was
plotted. After a 15-min on-chip incubation, human breast cancer cells
showed distant distribution patterns. The most malignant MDA-MB-
231 cells distributed in a high amplitude range, whereas the most
nonmalignant MCF-10A cells are in a low amplitude range.
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